The DNA-damage response (DDR) arrests cell-cycle progression until damage is removed. DNA-damage-induced cellular senescence is associated with persistent DDR. The molecular bases that distinguish transient from persistent DDR are unknown. Here we show that a large fraction of exogenously induced persistent DDR markers is associated with telomeric DNA in cultured cells and mammalian tissues. In yeast, a chromosomal DNA double-strand break next to a telomeric sequence resists repair and impairs DNA ligase 4 recruitment. In mammalian cells, ectopic localization of telomeric factor TRF2 next to a double-strand break induces persistent DNA damage and DDR. Linear, but not circular, telomeric DNA or scrambled DNA induces a prolonged checkpoint in normal cells. In terminally differentiated tissues of old primates, DDR markers accumulate at telomeres that are not critically short. We propose that linear genomes are not uniformly reparable and that telomeric DNA tracts, if damaged, are irreparable and trigger persistent DDR and cellular senescence.
Cellular senescence is a stable condition in which cells are unable to further divide 1, 2 . In addition to suppressing cancer development [3] [4] [5] [6] , cellular senescence also contributes to organismal ageing and healthspan 7 . Its establishment has been observed following telomere shortening below a crucial length [8] [9] [10] , on oncogene activation 11, 12 or exposure to exogenous DNA-damaging agents 13 . These events are associated with the activation of DNA-damage-response (DDR) pathways. Indeed, ageing correlates with increased frequency of DDRpositive cells in a variety of different organs, tissues and cell types [14] [15] [16] [17] . The DDR coordinates cellular DNA-repair activities following DNA-damage detection and transiently arrests cell-cycle progression in proliferating cells (checkpoint function) until DNA damage has been removed in full 18 . The molecular mechanisms underlying the observed prolonged, seemingly permanent, DDR activation in senescent cells are unclear. DDR persistency, usually detected in the form of distinct nuclear DDR foci, which label genomic DNA-damage sites 18, 19 , may be consequent to persistent DNA lesions. However, the efficacy, rather than the efficiency, of normal mammalian cells in repairing DNA damage has not been thoroughly investigated.
RESULTS

Normal human fibroblasts cannot repair exogenous DNA damage in full and retain persistent DDR foci
We exposed non-proliferating (quiescent) early-passage normal human diploid fibroblasts (HDFs) to ionizing radiation (20 Gy). As quiescent cells do not proliferate, no telomere shortening, a potential trigger of DDR activation and cellular senescence, can occur. Cells were stained before and at various times after ionizing radiation for evidence of DDR activation in the form of nuclear foci containing phosphorylated histone H2AX (γH2AX) and proteins phosphorylated by the activated form of ataxia telangiectasia mutated (ATM) or the ataxia telangiectasia and Rad3 related protein (ATR) (pS/TQ). Despite an efficient wave of repair leading to a progressive reduction in time of ionizing-radiation-induced DDR foci, measured both as percentage of DDR-positive cells and as number of DDR foci per cell, a small but significant number of focal DDR signals persists in the majority of irradiated cells, even four months post ionizing radiation (Fig. 1a) . These few persisting DDR signalling events cause the establishment of cellular senescence in these cells (hereafter named IrrSen), as demonstrated by high senescence-associated β-galactosidase activity and inability to incorporate 5-bromodeoxyuridine (BrdU), despite replating ( Supplementary Fig. S1a ). Transient inhibition of ATM kinase activity by a small-molecule compound leads to rapid DDR inactivation, escape from senescence and increased levels of Ki-67, a marker of cell proliferation ( Supplementary Fig. S1b ). This result indicates that sustained DDR signalling is constantly and actively maintained and necessary for ionizing-radiation-induced senescence maintenance. Persistent DDR activation is also observed on exposure to 20 Gy fractionated in 10 days (2 Gy each day) or, to a lesser extent, following a single 2 Gy dose ( Supplementary Fig. S1c ), in 20 Gy-irradiated proliferating cells ( Supplementary Fig. S1d ,e), in an independent HDF strain (MRC5; Supplementary Fig. S2a ), in cells expressing telomerase (BJ hTERT, human telomerase reverse transcriptase; Supplementary Fig. S2b ), in cells maintained at low (3%) oxygen tension ( Supplementary Fig. S2c ), and in proliferating cells treated with bleomycin, a DNA-damaging agent 20 ( Supplementary Fig. S3a ). Thus, following exposure to DNA-damaging agents under different conditions, whereas the majority of DDR foci are transient and thus inconsequential for cell proliferation, the few DDR foci that persist are sufficient to maintain cellular senescence.
Consistent with a recent report 21 , IrrSen cells show focal accumulation of the activated form of CHK2 (CHK2 pT68; CHK2 is also known as CHEK2, checkpoint kinase 2), which co-localizes with persistent γH2AX foci, whereas freshly irradiated cells show a more diffuse nuclear staining ( Supplementary Fig. S3b ). This suggests that DNA damage that is not promptly resolved causes downstream DDR factors (such as CHK2) to be retained longer at lesion sites.
As persistent DDR foci are those that ultimately determine the fate of a cell, it is important to understand their nature. We first tested whether their persistence is the result of compromised DNA-repair capacity of senescent cells. IrrSen and Quie HDFs were exposed to ionizing radiation and DNA-damage-repair kinetics were monitored by DDR focus detection and quantification. We discovered that γH2AX and p53-binding protein 1 (53BP1; also known as tumour protein p53-binding protein 1, TP53BP1) foci induced in IrrSen HDFs progressively disappear with kinetics similar to those observed in Quie HDFs (Fig. 1b) . Therefore, senescent cells are DNA-repair proficient and, as they can form both reparable transient DDR foci and persistent ones, DDR persistency must be the consequence of the irreparability of individual DNA breaks. Overall, these results indicate that, following DNA-damage generation, the choice between senescence and proliferation is dictated by the presence, or absence, of even a few irreparable DNA lesions (Fig. 1c) .
Persistent DDR foci are localized at telomeres
The molecular bases that distinguish reparable-transient DDR foci from irreparable-persistent DDR foci are unknown. We hypothesized that persistent DDR foci may result from DNA damage occurring at genomic loci that resist cellular DNA-repair activities. We also reasoned that, if such loci were not negatively selected during evolution, they should provide a selective advantage to the cell. Telomeres are genomic loci made of repetitive DNA sequences, all with the same orientation, coated by specific proteins that inhibit DNA repair at chromosome termini to prevent chromosomal fusions and genome instability 22 . We reasoned that telomeric repeats and factors, although acting at the chromosome distal end, may also prevent DNA repair throughout their length (Fig. 2a) . In support of this model, in in vitro DNA-repair assays using human cell extracts, telomeric DNA repeats resist non-homologous end joining (NHEJ) at their 3 ends 23, 24 . Ionizing radiation is expected to generate DNA damage and DDR foci randomly. Although most DNA damage is repaired and the total number of DDR foci progressively declines, if telomeres resist repair, the fraction of persisting DDR foci at telomeres should increase over time. We therefore carried out immunofluorescence stainings against the DDR factor 53BP1, in conjunction with fluorescence in situ hybridization (FISH) using a telomeric Cy3-conjugated peptide-nucleic acid (PNA) probe (immunoFISH) in two independent HDF strains (BJ and MRC5), at different times following exposure to ionizing radiation. As a control, cells were stained for CENP-C, a marker of centromeres, also made of repetitive sequences similarly to telomeres. An unbiased co-localization analysis based on imaging software revealed that, whereas the number of DDR foci per cell progressively declines, the fraction that co-localizes with a telomeric signal gradually increases. Thirty days after ionizing radiation, up to 40% of unrepaired 53BP1 foci are detected at telomeres, whereas far fewer are at centromeres, in both cell strains (Fig. 2b,c) . Such DDR accumulation is highly significant, as telomeres represent a very small fraction of the genome (around 0.02%). Similar results were obtained using γH2AX as an independent DDR marker ( Supplementary Fig. S4a ). In addition, bleomycin (Supplementary Fig. S4b ) and a fractionated dose of 20 Gy (2 Gy each day for 10 days, Supplementary Fig. S4c ) generates a similar number of persistent DDR foci at telomeres. This indicates that the observations made with a single 20 Gy dose are unlikely to be due to acute generation of excessive DNA damage and potential squelching of DNA-repair factors. Furthermore, 30 days after a single dose of 2 Gy, although persistent DDR foci were, as expected, lower in number ( Supplementary Fig. S1c) , their fraction at the telomeres was similar to that observed after a 20 Gy dose (Supplementary Fig. S4c ). The persistence of telomeric DDR foci was also observed in a parallel study using very similar experimental settings 25 .
Persistent DDR foci are physically associated with chromosomal telomeres To independently interrogate the preferential localization of persistent DDR marks in the genome, we mapped γH2AX genome-wide in IrrSen and control Quie cells by chromatin immunoprecipitation experiments and next-generation sequencing (ChIPseq). Analysis of individual chromosomes showed that the highest peak of each chromosome arm was within 5 megabase pairs (Mb) from the chromosome end at 20 out of 41 mapped chromosome ends (Fig. 3a) , and among the ten highest peaks eight were within 5 Mb of a chromosome end. Furthermore, by compiling the signals of IrrSen over Quie cells from all chromosome arms according to their distance from the chromosome end, we observed a statistically significant enrichment for γH2AX in the most distal 5 Mb of mapped DNA (Fig. 3b) .
In addition, we carried out ChIP assays followed by quantitative realtime PCR (qPCR) using an independent set of PCR primers, previously validated in replicative senescent HDFs (ref. 19) . Increasing amounts of antibodies against γH2AX immunoprecipitate increasing amounts of subtelomeric DNA in IrrSen HDFs but not in non-irradiated Quie HDFs (Fig. 3c) , and this enrichment decreases from the chromosome terminal region towards the centromere (Fig. 3d) , in a manner similar to that observed in cells undergoing telomere uncapping following removal of the telomeric repeat binding factor 2 (TRF2, also known as TERF2; Supplementary Fig. S4d ). These results confirm the preferential localization of persistent DDR at telomeres and demonstrate that DDR association results from physical association, not mere cytological proximity, with the telomeres.
Exogenously induced persistent DDR foci co-localize with telomeres also in vivo
To determine whether also in vivo DNA damage can persist and preferentially localize at telomeres, we exposed mice to wholebody ionizing radiation and monitored DDR focus appearance and resolution in terminally differentiated neurons in the brain hippocampus. DDR in the form of distinct 53BP1 foci was robustly detected in hippocampal neurons immediately after ionizing radiation. Twelve weeks after treatment, whereas most DDR foci had disappeared, remaining 53BP1 foci were still detectable (Fig. 4) , consistent with ref. 26 . Using immunoFISH, we discovered that nearly 40% of 53BP1 foci co-localize with a telomeric signal after 12 weeks post irradiation, whereas CREST antibodies labelling centromeres rarely do (Fig. 4) . Thus, also in irradiated terminally differentiated non-proliferating cells in vivo, a fraction of DNA breaks keeps signalling and a significant portion of them localizes at telomeres.
DDR focus persistence at telomeres is not due to either TRF2 loss or telomere heterochromatin structure TRF2 is a mammalian protein that directly binds to telomeric DNA, and its loss triggers DDR activation at telomeres 8, 27, 28 . Furthermore, it is downregulated during replicative senescence 29 . We therefore tested whether persistent DDR foci at telomeres in IrrSen cells were associated with TRF2 loss. The abundance of TRF2 in the cell is not significantly affected on irradiation (Fig. 5a ) and persistent DDR foci (pS1981-ATM) in IrrSen cells co-localize with TRF2 focal signals or telomeric DNA to the same extent ( Supplementary Fig. S5a and Fig. 2b,c) . Thus, DDR activation in IrrSen cells is not associated with detectable TRF2 loss or mislocalization. Furthermore, TRF2 overexpression in HDFs does not prevent the appearance of persistent DDR foci at telomeres following ionizing radiation ( Fig. 5b; Supplementary Figs S5b-d) or the establishment of cellular senescence, as determined by BrdU incorporation rates (Fig. 5c ) and senescence-associated β-galactosidase activity ( Supplementary Fig. S5e ).
We next tested if persistent DDR at telomeres was related to the heterochromatic structure of chromosome ends 30 . We perturbed heterochromatin with a histone deacetylase inhibitor, valproic acid (VPA; ref. 31 ; Fig. 5d ), or by knocking down KAP-1 (Fig. 5g) , a mediator of ATM activity in heterochromatin 32 (also known as Trim28, tripartite motif-containing 28), and we exposed these and control cells to ionizing radiation. Neither treatment made a significant impact on the numbers of persistent DDR foci per cell (Fig. 5e,h ) or the fraction of DDR foci at telomeres (Fig. 5f,i) . Thus, persistent DDR is not a consequence of the heterochromatic nature of the telomeres.
Telomeric DNA next to a chromosomal DSB prevents its repair
To directly test the hypothesis that telomeric repeats resist DNA double-strand-break (DSB) repair, we employed one of the most robust and best characterized systems used to assess DSB repair in a chromosomal context in a living cell: the inducible expression of the HO endonuclease in Saccharomyces cerevisiae cells. We used two isogenic strains: one carrying the HO cleavage site next to a stretch of telomeric repeats, and one carrying the HO site but lacking adjacent telomeric repeats 33, 34 (Fig. 6a) . As expected, the HO-induced DSB generated in G1 in a non-telomeric region is efficiently repaired by NHEJ. Strikingly, however, the HO break next to telomeric repeats is not, and repair is suppressed to the same extent as in DNA ligase 4-deleted (lig4∆) strains used as a control (Fig. 6b) . This result is consistent with a previously reported reduction in survival when telomeric repeats are inserted next to an I-Scel-induced DSB (ref. 35 ). Thus, a chromosomal DSB next to telomeric repeats resists DNA repair. To investigate which is the specific step that is impaired, we set up conditions for ChIP assays followed by qPCR to detect ligase 4 (the enzyme responsible for DNA ligation in NHEJ) at the HO cut site flanked, or not, by telomeric repeats. We observed that, whereas ligase 4 is efficiently recruited to the DSB site, such recruitment is markedly reduced at the chromosome end flanked by telomeric repeats (Fig. 6c ).
Ectopic localization of TRF2 next to a DSB impedes repair and fuels prolonged DDR activation
Irreparability may be a feature of telomeric DNA per se or of the proteins that bind to it. Mammalian TRF2 was previously shown to prevent chromosomal fusions in vivo 27, 36 and to inhibit NHEJ in vitro 23, 24 . We therefore generated a gene fusion product between the lactose inhibitor (LacI) and a truncated form of TRF2 (LacI-TRF2), lacking its DNA-binding domain-a similar fusion protein was previously proven to be functional in telomere studies 37 . We expressed this fusion protein in a mouse fibroblast cell line (NIH 2/4) carrying a single integrated cut site for the inducible endonuclease I-SceI, flanked by lactose operator repeats on one side and by tetracycline operator repeats on the other 38 ( Fig. 7a ). The expression of the tetracycline repressor fused to yellow fluorescent protein (YFP-Tet) enables the visualization of this genomic locus in the nucleus. As the expression of LacI-TRF2 enables the accumulation of TRF2 next to an exposed non-telomeric DNA end, this structure mimics, to an extent, a telomere that bears telomeric proteins yet lacks telomeric DNA. Following induction of the fusion product between I-SceI endonuclease and red fluorescent protein and the glucocorticoid receptor ligand binding domain (RFP-I-SceI-GR; see Fig. 7a for details) 38 , a local DDR is triggered, as shown by γH2AX focus formation co-localizing with YFP-Tet punctuated signal ( Supplementary Fig. S6a ). Following RFP-I-SceI-GR inactivation, in cells expressing LacI alone, cellular DNA repair activities reduce the percentage of DDR-positive cells at the locus studied (from 61% to 25%). However, in LacI-TRF2-expressing cells, DDR focus persists in a larger fraction of cells when compared with the LacI control (44% versus 25%, respectively; Fig. 7b ) despite similar initial cutting rates (62% versus 61%). The generation of physical DNA damage and its subsequent repair mirrors DDR-focus formation, as shown by the presence of exposed single-stranded DNA detected by BrdU staining under non-denaturing conditions (Fig. 7c) .
As a further control, the expression of LacI fused to cyan fluorescent protein or LacI alone enables DNA-damage-focus resolution to a similar extent ( Supplementary Fig. S6b ), suggesting that the inhibition of DNA repair mediated by LacI-TRF2 is specific and not due to steric hindrance. Importantly, this activity acts locally in cis only, as irradiated cells expressing LacI or LacI-TRF2 show comparable DDR-focus-resolution rates in the nucleus ( Supplementary Fig. S6c ). Therefore, TRF2, a crucial component of telomeres, is sufficient to control DNA repair and DDR-focus persistence when ectopically expressed next to a DNA break.
Exposed telomeric DNA ends in a cell cause prolonged cell-cycle arrest
According to our model, telomeric DNA ends exposed by DNA damage resist repair and are thus expected to cause a more protracted DNA damage-induced checkpoint than non-telomeric ones. To functionally test this, we microinjected plasmids carrying a stretch of 24 telomeric (TTAGGG) or scrambled (TGAGTG) tandem repeats in HDF nuclei. The plasmids were injected either linearized at the 3 end of the repeats or in their circular form, as a control ( Supplementary Fig. S7a )-these linear plasmids had been previously tested in vitro and the telomeric one was demonstrated to resist repair by NHEJ (ref. 23) . Importantly, when introduced in mammalian cells, these exogenous telomeric, but not scrambled, DNA repeats are recognized by endogenous telomeric proteins ( Supplementary Fig. S7b ). We then tested the impact of the exposure in the nucleus of HDFs of these two types of DNA end on progression through S phase and mitosis. Consistent with published evidence 39 , linear DNA plasmids inhibited DNA synthesis, indicating the activation of a DNA-damage-induced checkpoint within 24 h of microinjection, whereas circular plasmids made only a minor impact (Fig. 7d) . However, after a further 24 h, whereas cells microinjected with linear scrambled DNA initiated re-entry into S phase, similarly to circular-DNA-injected cells, the cells carrying the linear telomeric DNA did not (Fig. 7d) . Re-entry in the cell cycle is not due to plasmid degradation, as assessed by qPCR amplification of the plasmids at 48 h after microinjection ( Supplementary Fig. S7c ). Consistent with inhibition of proliferation, passage through mitosis, as independently monitored by the detection in the cytoplasm of nucleus-injected IgG, was also impaired in linear-telomeric-DNAinjected cells, but unaffected in cells injected with scrambled DNA ends (Fig. 7e) . Consistent with checkpoint enforcement and resolution, p53 phosphorylation on Ser 15 (an ATM-and ATR-dependent phosphorylation event) is initially triggered to a similar extent following either telomeric-or scrambled-linear-DNA injection, whereas at a later time only cells injected with a telomeric linear DNA show a sustained DDR signal (Supplementary Fig. S7d ). Therefore, exposed telomeric DNA ends trigger a protracted DNA-damage-induced checkpoint that prevents cell-cycle progression.
Persistent DDR markers, in in vitro -irradiated HDFs and in in vivo -irradiated mouse neurons, accumulate at telomeres that are not preferentially short
As telomere shortening triggers DDR (refs 8,9), we tested whether DDR foci at telomeres in IrrSen cells were preferentially associated with short telomeres. Quantification of telomeric probe signal intensities, and distribution according to their length, revealed no preferential accumulation of DDR markers at short telomeres in in vitro-irradiated HDFs (IrrSen MRC5 and BJ; Fig. 8a,b) (12 weeks after ionizing radiation; Fig. 8c ). Therefore, persistent DDR caused by exogenous DNA-damaging agents is not triggered by critically short telomeres.
DDR markers during physiological ageing in primates accumulate at telomeres that are not preferentially short
The observation that DNA damage generated at telomeres resists repair may be of relevance for the study of ageing. Ageing is associated with DNA-damage accumulation [14] [15] [16] [17] , and DDR foci co-localizing with telomeres have been observed in vivo in ageing primates 14, 17 . It is unclear at present whether such DDR is triggered solely by telomere shortening. We therefore carried out immunoFISH for 53BP1 foci and telomeric DNA sequences in hippocampal neurons and liver hepatocytes from young and old baboons. Neurons are terminally differentiated cells and are not expected to proliferate or undergo progressive telomere attrition; similarly, liver hepatocytes are expected to undergo no or limited turnover. In these non-dividing cells, persistent DDR foci also accumulate with ageing (Supplementary Figs S8a,b) . Importantly, when DDR localizes at telomeres, these are not preferentially short (Fig. 8d,e) . Therefore, in ageing animals DDR foci accumulate also in non-proliferating tissues, and this may occur at telomeres that are not critically short.
In summary, we propose that, when cells are exposed to exogenous or endogenous sources of DNA damage, DSBs generated throughout the genome will trigger DDR-focus formation. The vast majority of lesions will be repaired, leading to DDR-focus resolution. However, those few DSBs that happen to occur at telomeres will not be repaired, resulting in persistent DDR-focus formation that will fuel the permanent activated DNA-damage-induced checkpoint state known as cellular senescence (Fig. 8f) . 
DISCUSSION
Our results reveal that genomes are not uniformly reparable and that some genomic loci, such as telomeric tracts, resist DNA-damage repair despite a global cellular competence for DNA repair. Impaired repair of other types of DNA lesion has also been reported at telomeres 40, 41 . Notably, irreparability of telomeric tracts may be the direct and unavoidable consequence of their functions in preventing chromosomal fusions-a DNA repair event between chromosomes. It follows that the intrinsic vulnerability of chromosome ends, despite its obvious drawbacks, is an evolutionarily selected trait conserved to maintain the linear structure of chromosomes. As our observations hold true in primates, rodents and yeast, the mechanisms uncovered seem to be ancestral and evolutionarily conserved.
Ageing has been shown to correlate with, and possibly to be caused by, the accumulation of DNA damage both in the soma and in the stem-cell compartments [14] [15] [16] [17] . Our discovery that telomeres resist DNA repair provides an unanticipated interpretation of the observed accumulation of DDR at telomeres in ageing animals, by which DDR may arise independently of telomere attrition. Indeed, DDR foci, previously reported in skin fibroblasts of old baboons 14 , can also be associated with long telomeres (U. Herbig, unpublished observations). Importantly, our results suggest a model for cellular ageing based on DNA-damage accumulation and DDR activation also in non-proliferating cells, for example terminally differentiated cells such as neurons and quiescent stem cells.
Interestingly, a recent report highlighted an inverse correlation between lifespan and telomere length across several mammalian species 42 : this is consistent with our model in which long telomeres may offer a more abundant target for the accumulation of irreparable DNA damage.
However, such trade-offs between telomere length, on one hand, and lifespan, target size of potentially irreparable DNA damage and number of DNA-replication rounds allowed before replicative senescence is enforced, on the other hand, constitute a phenomenon that is not simple to interpret evolutionarily, and this adds a further complication to any consideration about the diverse (pleiotropic) effects that cellular senescence might have on survival 43 . Finally, the notion that DDR activation at critically short telomeres is the trigger of replicative cellular senescence 8, 9 together with our results implying persistent telomeric DNA damage in cells undergoing cellular senescence caused by DNA-damaging agents and during ageing (this article), and the observation that also oncogenes induce persistent DNA damage at telomeres (U. Herbig, unpublished observations), enable us to propose a unifying paradigm in which cellular senescence establishment is the result of irreparable telomeric DNA-damage generation and consequent persistent DDR signalling.
METHODS
Methods and any associated references are available in the online version of the paper at www.nature.com/naturecellbiology 38 , with a few modifications available on request. Bleomycin (Sigma-Aldrich), or its solvent PBS, was used for three days at 10 µg ml −1 in cell-culture medium and, after treatment, cell growth was continued in regular culture medium, as in ref. 44 . Senescence-associated β-galactosidase assay was carried out as in ref. 45 . ATM kinase inhibitor (KU55933, Tocris bioscience), or dimethylsulphoxide as negative control, was used at 10 µM concentration for 72 h. Valproic acid (Sigma-Aldrich), or its solvent PBS, was used for 16 h at 1, 10 or 50 mM concentration in cell-culture medium.
BrdU staining. Cells were labelled with 10 µg ml −1 BrdU (Sigma) for 16-24 h and incorporation was evaluated by immunofluorescence after DNA denaturation. For BrdU staining under non-denaturing conditions, cells were stained as in ref. 46 .
Ionizing radiation. Ionizing radiation was induced by a high-voltage X-raygenerator tube (Faxitron X-Ray Corporation). Cultured cells were irradiated with the indicated dose; mice were irradiated with 8 Gy (total-body ionizing radiation) at the age of 2 months using GammaCell 200 and cobalt 60 as a source.
Plasmids. pDEA-7Z-derived plasmids containing (TTAGGG) 24 (pNB146) Immunoblotting. As in ref. 45 .
ChIP. In vivo crosslinking, chromatin purification and immunoprecipitations were carried out as previously described 49 .
Illumina sequencing. As in ref. 50 , with minor modifications. After PCR amplification, fragments were column purified. Cluster generation was carried out and loaded into individual lanes of a flow cell (8 pmol per sample).
ChIPseq data analysis. Read tags passing a standard Illumina quality filter were aligned using BWA 0.5.9 using default parameters 51 . Two sets of analyses were carried out: per-sample processing and senescent-versus-quiescent enrichment. We named the samples as follows: γ S , ChIP of γH2AX for IrrSen cells; I S , input for IrrSen cells; γ Q , ChIP of γH2AX for Quie cells; I Q , input for Quie cells. Per-sample analysis was carried out to evaluate γH2AX enrichments at telomeres by 'pileup' analysis (below) and collect data for effective statistics. Each alignment was preprocessed using DSPCHIP 0.8.5b4 (http://code.google.com/p/dspchip) with the following parameters: remove duplicates, quality filter = 15, expected window = 2 Mb, FIR = blackman, pipeline = N. Immunoprecipitate-versus-input enrichment was produced as an intermediate step to study the IrrSen-versus-Quie enrichment. Processed alignments were processed further with DSPCHIP: γ S − I S and γ Q − I Q values were calculated and negative values were discarded. Resulting profiles were used to calculate IrrSen versus Quie enrichment, again by subtraction; data were thresholded using Otsu's method 52 . Final profiles were plotted on all chromosomes using a modified version of LODPLOT library 53 available in R (http://r-cran.org; ref. 54 ). To generate the compilative 'pileup' analysis of signals from all chromosome ends (Fig. 3b) , data from 46 processed chromosome ends were collected up to 20 Mb from the chromosome end toward the centromere. We sampled preprocessed alignments every 100 bp in a 20 Mb window from the telomere. Enrichment for each telomere has been calculated as (γ S − I S ) − (γ Q − I Q ). The mean of the compiled signals of 46 chromosomes was calculated along the 20 Mb span, together with 95% Bayesian credibility intervals.
To assess the significance of the enrichment at the subtelomeric regions (0-5 Mb), we considered a distant region as control (15) (16) (17) (18) (19) (20) and carried out a Mann-Whitney U test (U statistic, 720,954,291,135.5; P value, 0.0, N = 2.3 × 10 6 ).
qPCR. qPCR was carried out as in ref. 55 . In experiments in Fig. 3c,d and Supplementary Fig. S4d , a TaqMan chemistry PCR system (Applied Biosystems) was used. qPCR was carried out in duplicate and the averaged results are plotted as the difference of the log 2 ratio of senescent minus control cells (diff log 2 ratio). qPCR amplicons in Fig. 3c,d and Supplementary Fig. S4d were as in ref. 19 . In the experiment in Supplementary Fig. S1b , a TaqMan chemistry PCR system (Applied Biosystems) was used and qPCR was carried out in triplicate. The beta-2-microglobulin (B2M) gene was used as a control for normalization. The following assays were used from Applied Biosystems: Hs00606991_m1 (Ki-67), Hs99999907_m1 (B2M). In the experiment in Supplementary Fig. S7b , qPCR was carried out on a Roche LightCycler 480 sequence-detection system. qPCR was carried out in triplicate and the averages were normalized against input. In the experiment in Supplementary Fig. S7c , qPCR was carried out on a Roche LightCycler 480 sequence-detection system in triplicate. qPCR primers for Supplementary Fig. S7b ,c: proximal forward, 5 -GGCCTCTTCGCTATTACGC-3 ; proximal reverse, 5 -CTCACTGGCCGTCGTTTTAC-3 ; distal forward, 5 -TAAAAGTGCTCATCATTGGAAAAC-3 ; distal reverse, 5 -TGGTGAAAGTAAA-AGATGCTGAAG-3 .
Microinjection. Microinjections were done using an AIS2 computer-assisted micromanipulation system (Luigs and Neumann), mounted on an inverted Zeiss microscope with a motorized stage. Plasmid DNA was injected into cell nuclei at a concentration of 5 ng µl −1 , together with 4 mg ml −1 of rabbit IgG. Cells were serum-starved for 48 h before injection. After injection, cells were placed in normal medium containing 10% fetal bovine serum and BrdU, 6 h or 24 h later, for 24 h. 200 cells were microinjected per type; independent experiments were repeated at least three times. ChIPseq accession number ChIPseq data are submitted to NCBI-SRA (accession number: SRA049677).
C O R R I G E N D U M
In the version of this Article initially published online and in print, a reference was inadvertently omitted. On page 358, directly following the text "Strikingly, however, the HO break next to telomeric repeats is not, and repair is suppressed to the same extent as in DNA ligase 4-deleted (lig4Δ) strains used as a control (Fig. 6b) Table S1 ), but within the range observed for active transport of microtubule-based motors in other in vitro studies 6, 7 Amrute-Nayak and Bullock, Figure S2 . . GFP puncta were associated with microtubules and Cy3-K10 RNA. For intermittent illumination of the GFP signal, chambers were exposed alternately to the 488-nm (300 ms) and 561-nm lasers (300 ms). Left-and right-hand panels show distributions and mean, respectively. Fluorescent lifetime was significantly influenced by the degree of illumination (Mann-Whitney test), indicating that it was a function of photobleaching events and did not just represent dissociation of motor components from the complex (the rate of which would not be affected by illumination frequency). Error values are s.e.m. in this and other panels. (c) Distribution of decay steps exhibited by puncta of tailless Khc(Kinesin-1 heavy chain)::GFP associated with microtubules (n = number of puncta analyzed). Transgenic embryo extracts expressing this fusion protein, which is defective in cargo binding due to the absence of the tail, were used for capture of motor complexes. The majority of puncta exhibited two photobleaching events. Previous work indicated that tailless Khc forms a dimer on microtubules 9, 10 . A minor proportion of one step photobleaching events is consistent with analyses of other fluorescent fusion proteins that are predicted to be obligate dimers 11, 12 . Such events are likely due to some GFP bleaching before data capture or a proportion of GFP molecules that are not fluorescently active. Instances of three or four tailless Khc::GFP bleaching steps presumably represent adoption of a higher oligomeric state by a proportion of these molecules or two tailless Khc dimers whose proximity on a microtubule means they cannot be resolved. Means were calculated from three independent experiments for each fusion protein; the value for each experiment was determined by averaging the signals from two to three lanes loaded with the same sample. Images show three independent loadings of the same experiment. To approximate the mean number of total Dlic and Dmn copies on localizing and non-localizing mRNPs we divided the mean number of GFP photobleaching steps in figure  3e by the estimated proportion of total Dlic or Dmn that is labelled with GFP in the material injected into flow cells (note that GFP-tagged versions of these proteins had a similar ability to their wild-type counterparts to be incorporated into mRNPs as judged by their association with RNAs immobilized on an affinity matrix). For Dmn, the mean copy numbers estimated by this method for K10 and K10 mut mRNPs were 8.6 ± 2.3 and 5.6. ± 1.3, respectively. For Dlic, the respective values were 7.2 ± 2.2 and 4.2 ± 0.5 for K10 and K10 mut mRNPs. Based on the analysis of other multi-subunit complexes by photobleaching [13] [14] [15] , the values are likely to be a slight underestimate of the average number of Dlic and Dmn per mRNP. This is due to the cumulative probability of individual GFPs in the complex not being visible in photobleaching experiments due to pre-experiment bleaching or them not being excitable. There are reportedly four Dmn molecules per dynein-dynactin complex 7, 11, 16, 17 . Our estimates of Dmn copy number on mRNPs are therefore consistent with non-localizing mRNPs containing, on average, one or two dynein-dynactin complexes, with the presence of the localization signal increasing the proportion of mRNPs that recruit additional copies. The copy number of Dlic within dynein-dynactin has not been determined precisely, although it is estimated to be between two and four 18 . Our estimates of Dlic copy number on K10 and K10 mut mRNPs are therefore also consistent with RNA non-localizing mRNPs containing one or two dynein-dynactin complexes, with an ~70% increase in average copy number per mRNP elicited by the localization signal. (e) Western blot for Dlic, showing that more dynein is recruited from wild-type embryo extracts to K10 RNA than K10 mut RNA populations. RNAs were fused to a streptavidin-binding aptamer 8 and coupled to streptavidin-coated magnetic beads. Assay was performed in 50 mM salt. Extract lane (Ext.) represents 2% of the amount added to the pulldowns. The degree of body labelling of RNAs with Cy3 was much lower than in the motility assay in order to simplify quantification of dye number per mRNP; Cy3 mol/RNA mol = mean number of Cy3 dyes per RNA molecule, determined with a spectrophotometer. Note that the lower the Cy3mol/RNA mol value, the greater the proportion of RNA molecules that will be unlabelled and not visible in our TIRF experiments (hence the differences between the mean number of decay steps expected for a single RNA molecule per mRNP (Fig.  4a ) and the number of Cy3 dyes per RNA molecule in the body-labelled preparation). probe-derived signals that co-localized with a DIG-derived probe signal (calculated from 6 embryos per experimental condition). ***, p <0.001 (t-test), compared to co-localization of hA and hB signals in the same apical-basal region of the cytoplasm; error bars in this and other panels are s.e.m.. The degree of co-localization of hA and hB was not significantly different in the apical and sub-apical regions. We observed one event of co-localization of a hB-biotin puncta with a hB-DIG puncta in a sub-apical region, from a total of 96 hB-biotin puncta in 6 embryos. This may reflect chance overlap of signals, the probability of which is reduced compared to the apical cytoplasm due to decreased density of puncta in the cytoplasm (note that the rotation control is not applicable for the sub-apical images due to the presence of the nuclei in the sections). Alternatively, a small subset of h transport complexes may contain more than one h RNA molecule. Note that the efficiency of hybridization in this series of experiments was greater than in the series of experiments shown in figure 5 , as revealed by the increased percentage of overlap of hA and hB signals in the apical cytoplasm. (c) Quantification of the mean percentage of hB-biotin puncta in the apical cytoplasm that abut (but do not co-localize with) a hB-DIG puncta in the original images and in the control when the hB-DIG signal is rotated to simulate a random distribution (n = 6 embryos). Similar frequencies of adjacent puncta in the original and rotated images argue against the existence of very large mRNPs containing multiple copies of h that can be clearly resolved. Data are derived from the experiment in a and b. Amrute-Nayak and Bullock, Figure S6 . 
